Cost-efficient catalyst for hydrogen evolution reaction (HER) and methanol oxidization reaction (MOR) is of great importance for industrial application. The alloying of platinum with cheap transition metal offers a great opportunity to reduce cost and enhance the electro-catalytic performance. Herein, we report a simple and green route to synthesize porous Pt-Cu catalysts, where Pt-Cu solid particles were first produced by using cuprous chloride (CuCl) nanoparticles as the template, followed by a dealloying treatment to obtain final porous product. The porous alloy nanoparticles show higher catalytic activity and superior stability for HER and methanol oxidation reaction, which is beneficial from the porous structure and synergetic effect between Pt and Cu.
Introduction
Hydrogen (H2) is considered as an ideal energy carrier and one of the most efficient fuels.
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The electrolysis of water via hydrogen evolution reaction (HER) has been proven as an efficient strategy for hydrogen production, where platinum (Pt) is usually employed as a highly effective catalyst of HER. However, the high cost of Pt catalyst limits it large-scale commercialization. [3] [4] In addition, Pt catalysts are usually unstable under working conditions, resulting in deactivated facets and the reduction of catalytic activities. [5] [6] In this regard, Pt-based catalyst with different structure and composition was studied for optimizing their catalytic properties. [7] [8] [9] [10] Among them, Pt-based bimetallic alloy catalysts with less expensive transition metals such as Pt-Ni, 11 Pt-Fe, 12 Pt-Cu, [7] [8] and Pt-Co [9] [10] have been proposed as promising alternatives. The alloying of Pt with some secondary metals offers a great opportunity to enhance the electro-catalytic performance due to the changes in the geometric and electronic structures of Pt. [13] [14] On the other hand, the catalytic performance also depends on the surface area of catalysts, which could be improved by generating hollow or porous structures. 15 For instance, Pt3Ni nanocrystals with a porous feature were demonstrated very efficient for oxygen reduction reaction. 11, 16 Pt-Cu nanoframes are active catalysts for formic acid and methanol oxidation, 17 and mesoporous Pt film is efficient and durable for methanol oxidation reaction (MOR).
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Herein we report a facile method to synthesize porous Pt-Cu nanoparticles using cuprous chloride seeds as sacrificial templates and creating porous cavities through the dealloying treatment by immersing in nitric acid to form porous structure. The porous Pt-Cu alloy nanoparticles exhibit superior catalytic activity for HER and MOR, as well as a much higher anti-CO poisoning performance, due to the possible synergetic effect of the two metallic components. Our work offers a promising method for various alloy catalysts with controllable composition and large surface area. for 30 h. The final product was collected by centrifugation at 12000 rpm for 20 min, followed by three consecutive washing/centrifugation cycles with water, and then stored for further characterization. To avoid particle aggregation, the alloyed Pt-Cu nanoparticles were supported on carbon nano tube (CNT). The final product contains 20 wt% Pt element.
Experimental Methods

Materials
Characterization. The particle size and morphology were investigated using an FEI Technai G 2 F20 transmission electron microscope (TEM) equipped with a field-emission gun and an energy dispersive spectrum (EDS) unit. X-ray diffraction (XRD) was recorded on a Bruker D 8 ADVANCE diffractometer equipped with Cu Kαradiation. X-ray photoelectron spectroscopy (XPS) analyses were performed using a PHI Quantum 2000 scanning ESCA Microprobe spectrometer. The inductively coupled plasma optical emission spectrometry (ICP-OES) analysis was conducted using a Thermo Scientific iCAP6300 (Thermo Fisher Scientific, US). The specific surface area was evaluated by the Brunauer-Emmett-Teller (BET) method, which was carried out at -196°C on Microporous instrument Tristar 3000.
Electrochemical investigations. Electrochemical measurements were performed using a standard three-electrode glass cell (CHI 660D). The electrolyte cell was composed of three electrodes: a glassy carbon with an area of 0.07 cm 2 as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, and graphite plate was used as the counter electrode. The measurements were conducted in solution.
One milligram of Pt-Cu NPs were dispersed in a mixture containing 0.5 mL of isopropanol, 0.5 mL of deionized water and 10 μL of Nafion (0.5 wt %) ultrasonicating for approximately 0.5 h to form a 1 mg mL−1 catalyst ink. The catalyst ink (3 μL) was deposited on the glassy carbon working electrode (diameter = 3 mm) that was polished prior to catalyst deposition by 0.3 and 0.05 mm alumina powder. Then the working electrode was dried in air. The HER experiments with chronoamperometric (CV) and LSV measurements of Pt-Cu/CNT、Pt/C catalysts were conducted in N2 saturated 0.5 M H2SO4.
Results and discussion
The Pt-Cu nanoparticles (NPs) were prepared by using cuprous chloride seeds as sacrificial 
The produced Cu and Pt atoms would form Pt-Cu alloy, just like the case via coreduction method. 20 as shown in Figure S1 , the PtCu alloy sample before dealloying contains fine grains with high crystallinity. The synthesized Pt-Cu NPs were then etched by concentrated nitric acid (HNO3) solution for 30 h, and part of the Cu atoms were removed and the ratio of Pt:Cu changed from 1:1 to 4:1 as demonstrated from the inductively coupled plasma mass spectrometry (ICP-MS) results (Table S1 ). The schematic diagram is shown in Figure S2 . Furthermore, the composition of Pt-Cu alloy could be tuned through the adjusting the concentration of the Pt precursor ( Figure S3 ).
After dealloying, porous Pt-Cu NPs were obtained with the diameter range from 50 to 100 nm ( Figure 1a ). The inset energy dispersive spectrum (EDS) in Figure 1a confirmed that both Pt and
Cu elements were present in the nanoparticles. The EDS mapping image taken from the marked regions in Figure 1a reveal a homogeneous distribution of Pt and Cu elements throughout the particle (Figure 1b and c) . The porous structures of Pt-Cu can be clearly observed in the high resolution transmission electron microscope (HRTEM) image (Figure 1d) , and the pore size is about 1.5 nm. The crystalline structure of the porous Pt-Cu NPs was analyzed by X-ray diffraction (XRD). The pattern of the as-synthesized nanoparticles shows a typical face-centered-cubic (fcc) structure of the Pt-Cu alloys, and the leaching of Cu atoms in dealloying Pt-Cu alloy leads to an obvious shift to a smaller diffraction angle due to the lower content of Cu.. Furthermore, there is no Cu peak found in the pattern, demonstrating the formation of Pt-Cu alloys.
The X-ray photoelectron spectroscopy (XPS) analysis was further used to investigate the electronic state of Pt-Cu before and after dealloying treatment (Figure 1f) . Two peaks at 71.55 eV and 74.85 eV which corresponds to Pt 4f7/2 and Pt 4f5/2 are found for Pt-Cu before dealloying, the two peaks shifted to lower energy (71.06 and 74.36 eV for Pt 4f7/2 and Pt 4f5/2, respectively) after dealloying. Such shifts in binding energy suggest the electron transfer from Cu to Pt become weak.
The shift in energy states of Pt may improve the catalytic activity of Pt-Cu NPs for HER. The activity of porous Pt-Cu catalysts toward HER was evaluated in 0.5 M H2SO4 by using a typical three-electrode system with scan rate of 5 mV/s, and the results were shown in Figure 3 .
For comparison, other catalysts such as carbon nanotubes (CNT), Pt/C were also measured under the same conditions. Figure 3a shows the HER linear sweep voltammetry (LSV) curves of various catalysts on the RHE scale. It is clear that CNT does not exhibit HER activity at all, while the Pt-Cu/CNT after the dealloying treatment shows better electrocatalytic activity, the onset potential
) is positively shifted to -45 mV, similar with that of Pt/C (-33 mV), which should be attributed tothe synergistic effect and the porous structure of Pt-Cu alloy, as well as the improvement of conductivity by the CNT substrate. Figure 3b . The long-term durability for the HER in 0.5 M H2SO4
were shown in Figure 3c and 3d. Polarization curves for HER before and after 1000 (2000/3000) potential cycles were recorded. No obvious change was observed after 2000 cycles, indicating the significant durability of the porous Pt-Cu/CNT. In addition, the time-dependent current density curve also exhibited favourable durability. Therefore, it is suggested that the porous Pt-Cu/CNT could work as a durable electrocatalyst for practical applications. We also tested the catalytic performance for methanol oxidization reaction (MOR). Pt and its alloys are widely used as effective catalysts for direct methanol fuel cell (DMFC) [22] [23] [24] , but they usually suffer from serious carbon monoxide (CO) poisoning. Pt-Cu alloys have been proved to be high anti-poisoning to CO [22] [23] . In 0.5 M H2SO4, a pair of peaks at around 0.27 V was found for Pt/C, such peaks are attributed to the hydrogen adsorption-desorption of Pt ( Figure 4a ). For Pt-Cu, the hydrogen adsorption-desorption features are unconspicuous, similar to that of Pt3Ni nanoctahedra, 25 indicating the surface of Pt-Cu are Cu-rich. During MOR (Figure 4b ), the backward peak (Jb) is the indicator for CO stripping and anti-poisoning of CO, obviously, Pt-Cu/C presents more negative peak than Pt/C due to the abundance of Cu on the surface of Pt-Cu alloy.
On the other hand, the ratio of forward peak (Jf) and the forward peak (Jb) is 1.68 for Pt-Cu/C, much higher than that of Pt/C (0.74), implying the superior tolerance to CO poisoning of Pt-Cu/C.
The excellent performance of the Pt-Cu alloys should contribute to the several specific features:
(1) the porous Pt-Cu possess high surface areas and many active sites, which are favorable for the HER. (2) The synergistic effect between Pt and Cu atoms in the alloy, which is vital for the high electrocatalytic activities. (3) The anti-corrosion capability of CNT endows the Pt-Cu/CNT excellent electrochemical salability.
In summary, we have developed an economical, environmentally friendly and controllable approach to synthesize porous Pt-Cu NPs. Compared with commercial Pt/C catalysts, the porous Pt-Cu NPs not only reduces Pt consumption, but also exhibit superior catalytic activity, better durability for HER and higher tolerance to poisoning species. The high performance may arise from the possible synergetic effects and the porous structure. This work explores a new way towards porous Pt-Cu catalysts and is expected to expand to other material systems.
